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FRONIT-FACING PROXIMITY DETECTION
USING CAPACITIVE SENSOR

PRIORITY DAIA

This application claims priority to U.S. provisional patent
application No. 63/161,774, filed Mar. 16, 2021, entitled
“FRONT-FACING PROXIMITY DETECTION USING

CAPACITIVE SENSOR,” which 1s hereby incorporated by
reference 1n its entirety.

TECHNICAL FIELD OF THE DISCLOSUR

(L]

The present invention relates to the field of proximity
detection, 1n particular to front-facing proximity detection
using a capacitive sensor.

BACKGROUND

Front-facing proximity sensors are used in smartphones to
detect the presence or location of an object that 1s near to the
front of the device (1.e., 1n front of the smartphone screen),
but not 1n physical contact with the device. For example, 1
a smartphone detects a user’s face near the screen during a
phone call, the smartphone may automatically turn off the
display to prevent accidental keypresses and reduce battery
consumption. Directional proximity sensors may be used 1n
other types of devices, such as watches, earphones, smart
glasses, tablets, etc., and the device may control various
device behaviors 1n response to detecting an object (e.g., a
user’s head, or a user’s hand) in proximity to the device, or
at a particular location relative to the device.

Current devices use inirared sensors for proximity detec-
tion. In some implementations, an inifrared sensor 1s
included 1n a notch or other area on the front side, which cuts
into the screen space. In other implementations, an infrared
sensor 1s included on a moveable element that pops out of a
side of the screen. Including an infrared sensor as an element
on the device’s front reduces the available area for the
display screen. Infrared sensors that extend from a side of
the device preserves screen space, but such moveable ele-
ments are prone to mechanical problems.

As another option, one or more inifrared sensors may be
included under the display, preserving real estate on the front
of the device for the screen, and removing mechanical
complexity. However, use of the infrared sensor underneath
the screen may lead to pixel burn-in, which reduces user
experience. Below-screen infrared sensors also increase
manufacturing costs.

BRIEF DESCRIPTION OF THE DRAWINGS

To provide a more complete understanding of the present
disclosure and features and advantages thereof, reference 1s
made to the following description, taken 1n conjunction with
the accompanying figures, wherein like reference numerals
represent like parts, 1n which:

FIGS. 1A and 1B 1illustrate an example a proximity
detection system and an example sensing range for the
proximity detection system, according to some embodi-
ments ol the present disclosure;

FIG. 2 1s a block diagram of a proximity sensor system
that can be used for proximity detection, according to some
embodiments of the present disclosure;

FIG. 3 1s a block diagram showing the driver circuit and
signal processing circuit of the proximity sensor system of
FIG. 2 1n greater detail, according to some embodiments of
the present disclosure;
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2

FIG. 4 1s a block diagram of an example impedance
bridge, according to some embodiments of the present

disclosure;

FIG. 5 1s a block diagram of an impedance bridge and
amplifier circuit arranged 1n a mutual-sensing mode, accord-
ing to some embodiments of the present disclosure;

FIGS. 6A and 6B are circuit diagrams of an example
impedance bridge, according to some embodiments of the
present disclosure;

FIG. 7 1s a block diagram of an example implementation
ol a proximity sensor system implemented 1n a device and
configured in a mutual-sensing mode, according to some
embodiments of the present disclosure;

FIGS. 8A-8D illustrate additional example electrode lay-
outs for a proximity detection system, according to some
embodiments of the present disclosure;

FIG. 9 provides a method for sensing a change 1n imped-
ance using a sensor system, according to some embodiments
of the present disclosure;

FIG. 10 provides a method for using a sensor system 1n a
mutual-sensing mode, according to some embodiments of
the present disclosure; and

FIG. 11 provides a method for proximity detection,
according to some embodiments of the present disclosure.

DESCRIPTION OF EXAMPLE EMBODIMENTS
OF THE DISCLOSURE

Overview

The systems, methods and devices of this disclosure each
have several imnovative aspects, no single one of which 1s
solely responsible for all of the desirable attributes disclosed
herein. Details of one or more implementations of the
subject matter described in this specification are set forth 1n
the description below and the accompanying drawings.

As disclosed heremn, a capacitive sensor system 1s
included 1 a device, such as a smartphone, and used for
proximity detection, e.g., front-facing proximity detection.
An array of sensor electrodes can be embedded 1n a device,
such as under a smartphone screen, and coupled to a
capacitance sensor. The array of electrodes may include
three or more electrodes at different positions along the
screen. Various pairs or subsets of the array of electrodes can
be coupled to the capacitance sensor, €.g., using a switching
matrix that selects a subset of electrodes. The capacitance
sensor applies a voltage across the selected electrodes and
measures a capacitance, or a quantity related to capacitance,
between the selected electrodes. The switching matrix can
alternately select different sets of electrodes (e.g., different
pairs of electrodes) to detect capacitance in various direc-
tions or regions relative to the device. A proximity detector
coupled to the capacitance sensor receives the capacitance
measurements and looks for a change 1n capacitance over
time. A change 1in capacitance 1s caused by an object moving
in the vicinity of the sensor.

A bridge-based capacitance sensor system may be used to
measure capacitance between subsets of electrodes. A
capacitance bridge (or, more generally, impedance bridge)
with one or more variable elements 1s used to balance a fixed
impedance 1n the sensing environment, so that the sensor
system can detect small changes 1n a load impedance on top
of the fixed impedance. The variable element or elements
may be adjusted based on a current fixed impedance in the
sensing environment. For example, a smartphone’s antenna
creates a large, fixed capacitance (e.g., 200 pF) relative to
the capacitance change caused by the user’s head nearing the
smartphone (on the order of 1 1F). By using the vaniable
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clement(s) of the impedance bridge to cancel out the large,
fixed impedance of the antenna, the impedance bridge
sensor 1s able to detect a small change 1n capacitance 1n the
presence ol a large, fixed capacitance. In some embodi-
ments, one or more variable elements 1n the impedance
bridge are adjusted based on the electrodes selected by the
switching matrix, e.g., 1f the fixed capacitance between a
first pair of electrodes 1s different from a fixed capacitance
between a second pair of electrodes.

To perform proximity detection, the bridge-based capaci-
tance sensor system 1s used 1n a mutual-sensing configura-
tion. In a mutual-sensing mode, the capacitance sensor may
be coupled to a pair of electrodes, so that one electrode 1s
coupled to an output terminal of the impedance bridge and
another electrode 1s coupled to an input terminal of the
impedance bridge. The electrode coupled to the mput ter-
minal receives a periodic (e.g., sinusoidal) stimulus signal
applied to the mput terminal, and a periodic stimulus signal
with opposite phase 1s applied to another mput terminal on
the opposite side of the impedance bridge. The 1in-phase and
opposite phase (also referred to as antiphase) stimulus
signals cancel out at the output terminals of a balanced
impedance bridge, so that the output reflects the impedance
change from the oflset impedance, and does not reflect the
oflset impedance itsell.

Measurements from various pairs or subsets of electrodes
under the device’s display screen may be used to localize an
object 1n the vicinity of the device. For example, 1f a pair of
clectrodes on a right side of the device observe a change 1n
capacitance, and a pair of electrodes on a left side of the
device does not observe a change in capacitance, this
indicates that an object 1s approaching the device from the
right side. If a device detects a change 1n capacitance by
clectrodes on both the right and left sides, this indicates that
an object 1s approaching the device from the front. In a
smartphone implementation, the metal case around the sides
and back of the device may inhibit capacitance detection
around the sides or to the back of the device. For example,
the sensor system may detect objects approaching the front
face at an angle of —-45° to 45°. The case reduces the
likelihoods of false-positive detection for objects that are not
approaching the device from the front. Electrodes positions
closer to the center of the screen may narrow the angle of
detection, so that the proximity detector detects objects
approaching from a narrower angle.

A processor or other type of proximity detector circuitry
processes measurements obtained by the capacitance sensor
to detect an object approaching the device. The proximity
detector may perform filtering or smoothing of the capaci-
tance measurements, e€.g., to reduce noise 1n the measure-
ment signals. The proximity detector detects an object
approaching the device from the front 1n response to detect-
ing at least a threshold change in capacitance for multiple
subsets of electrodes. In some embodiments, the proximity
detector detects objects approaching from other directions,
¢.g., from a side, or from the top or bottom of the device. A
device including the proximity detector may change its
behavior in response to detecting an approaching object, or
in response to detecting an object 1n a particular direction.
For example, the device may turn a display screen off or on,
change an audio volume, or change a microphone setting.

Proximity detection 1s generally discussed herein from a
device frame of reference. In general, 1t should be under-
stood that an object can be considered to be “approaching”
a device 1f the relative positions of the device and an object
are moving closer together. This may be because the object
(c.g., a user’s hand) 1s approaching a stationary device,
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4

because the device 1s moving through space towards a
stationary object (e.g., a smartphone 1s being raised towards
a user’s head), or because both the device and the object are
moving towards each other.

Embodiments of the present disclosure provide a sensor
system that includes a sensor and a proximity detector. The
sensor 1s couplable to a plurality of electrodes, each of the
plurality of electrodes at a different position on a face of a
device. The sensor obtains a first set of measurements
between a first subset of the plurality of electrodes, the first
set of measurements related to capacitance between the first
subset of the electrodes. The sensor also obtains a second set
of measurements between a second subset of the plurality of
clectrodes, the second set of measurements related to capaci-
tance between the second subset of the electrodes. The
proximity detector detects at least a first threshold change 1n
the first set of measurements, detects at least a second
threshold change 1n the second set of measurements

Further embodiments of the present disclosure provide a
proximity detection method that includes obtaining a first set
ol measurements between a first subset of a plurality of
clectrodes along a face of a device, the first set of measure-
ments related to capacitance between the first subset of the
clectrodes; obtaining a second set of measurements between
a second subset of the plurality of electrodes, the second set
ol measurements related to capacitance between the second
subset of the electrodes; detecting at least a first threshold
change 1n the first set of measurements; detecting at least a
second threshold change 1n the second set of measurements;
and 1n response to detecting at least the first threshold
change in the first set of measurements and detecting at least
the second threshold change in the second set of measure-
ments, outputting a signal indicating that an object 1s
approaching the face of the device.

Additional embodiments of the present disclosure provide
a sensor system that includes a plurality of electrodes
arranged at different positions along a face of a device, a
sensor coupled to the plurality of electrodes, and a proximity
detector. The sensor obtains a first set of measurements
related to a mutual-mode capacitance between a first pair of
the plurality of electrodes, and a second set of measurements
related to a mutual-mode capacitance between a second pair
of the plurality of electrodes. The proximity detector detects
at least a threshold change 1n the first set of measurements,
detects at least the threshold change 1n the second set of
measurements, and outputs a detection signal in response to
detecting at least the threshold change in the first set of
measurements and detecting at least the threshold change in
the second set ol measurements.

As will be appreciated by one skilled 1n the art, aspects of
the present disclosure, 1n particular aspects of a capacitive
sensor for {ront-facing proximity detection, described
herein, may be embodied 1n various manners (e.g., as a
method, a system, a computer program product, or a com-
puter-readable storage medium). Accordingly, aspects of the
present disclosure may take the form of a hardware embodi-
ment, a soltware embodiment (including firmware, resident
soltware, micro-code, etc.), or an embodiment combining
solftware and hardware aspects that may all generally be
referred to heremn as a “circuit,” “module” or “system.”
Functions described 1n this disclosure may be implemented
as an algorithm executed by one or more hardware process-
Ing units, €.g. one or more micCroprocessors, ol one or more
computers. In various embodiments, different steps and
portions of the steps of each of the methods described herein
may be performed by different processing units. Further-
more, aspects of the present disclosure may take the form of

e B 4 4




US 12,073,048 B2

S

a computer program product embodied in one or more
computer-readable medium(s), preferably non-transitory,
having computer-readable program code embodied, e.g.,
stored, thereon. In various embodiments, such a computer
program may, for example, be downloaded (updated) to the
existing devices and systems (e.g. to the existing perception
system devices and/or their controllers, etc.) or be stored
upon manufacturing of these devices and systems.

The following detailed description presents various
descriptions of specific certain embodiments. However, the
innovations described herein can be embodied in a multitude
of different ways, for example, as defined and covered by the
claims and/or select examples. In the following description,
reference 1s made to the drawings where like reference
numerals can indicate i1dentical or functionally similar ele-
ments. It will be understood that elements illustrated in the
drawings are not necessarily drawn to scale. Moreover, i1t
will be understood that certain embodiments can include
more elements than illustrated 1n a drawing and/or a subset
of the elements illustrated 1n a drawing. Further, some
embodiments can incorporate any suitable combination of
features from two or more drawings.

The following disclosure describes various illustrative
embodiments and examples for implementing the features
and functionality of the present disclosure. While particular
components, arrangements, and/or features are described
below 1n connection with various example embodiments,
these are merely examples used to simplity the present
disclosure and are not intended to be limiting. It will of
course be appreciated that in the development of any actual
embodiment, numerous 1mplementation-specific decisions
must be made to achieve the developer’s specific goals,
including compliance with system, business, and/or legal
constraints, which may vary from one implementation to
another. Moreover, 1t will be appreciated that, while such a
development effort might be complex and time-consuming;
it would nevertheless be a routine undertaking for those of
ordinary skill in the art having the benefit of this disclosure.

In the Specification, reference may be made to the spatial
relationships between various components and to the spatial
orientation of various aspects of components as depicted 1n
the attached drawings. However, as will be recognized by
those skilled 1n the art after a complete reading of the present
disclosure, the devices, components, members, apparatuses,
etc. described herein may be positioned mm any desired
orientation. Thus, the use of terms such as “above”, “below”,
“upper”’, “lower”, “top”, “bottom™, or other similar terms to
describe a spatial relationship between various components
or to describe the spatial orientation of aspects of such
components, should be understood to describe a relative
relationship between the components or a spatial orientation
ol aspects of such components, respectively, as the compo-
nents described herein may be oriented in any desired
direction. When used to describe a range of dimensions or
other characteristics (e.g., time, pressure, temperature,
length, width, etc.) of an element, operations, and/or con-
ditions, the phrase “between X and Y represents a range
that includes X and Y.

Other features and advantages of the disclosure will be
apparent from the following description and the claims.

Example Proximity Detection System

FIG. 1A 1llustrates an example proximity detection sys-
tem, according to some embodiments of the present disclo-
sure. In this example, the proximity detection system 1s
implemented in a device 100, which may be a smartphone,
tablet, or other device having a main front screen used to
access the device. The device 100 has a face, which may be,
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for example, an area of the device having a screen, touch-
screen, and/or other user interface features for interacting
with the device. In other embodiments, the face may refer to
any side or portion of a device for which proximity detection
may be used. As other examples, a device face may be a
watch face, a portion of an earphone, a portion of a pair of
smart glasses, etc. In some examples, a device may have
multiple faces (e.g., multiple screens), and the device may
include one or more proximity detection systems imple-
mented to detect proximity towards one or more of the faces.

The proximity detection system includes five electrodes
102 at different positions along the face of the device 100.
Four of the electrodes 102-1, 102-2, 102-3, and 102-4 are
located near the cormners of the face of the device. For
example, 11 the device 100 1s a smartphone, each of the
clectrodes 102-1 through 102-4 1s near a corner of the
display screen of the smartphone. A fifth electrode 102-5 1s
positioned near the center of the display screen of the device
100. The electrodes 102 may be metallic sensor pads capable
of generating an electric field. While circular electrodes 102
are 1llustrated 1n FIG. 1A, the electrodes 102 may have other
geometries and sizes.

The electrodes 102 may be positioned behind a display
device implemented on the device face, e.g., a light emitting
device (LED) screen, liquid crystal display (LCD), or thin
film transistor (TFT) LED screen, any of which may be
implemented as a touchscreen. The electrodes 102 are
typically not visible to a user. An electric field may be
generated between a subset of the electrodes 102, and the
clectric field may extend through the screen and 1nto a region
outside the device 100. An example sensing range 1s 1llus-
trated 1n FIG. 1B.

The proximity detection system further includes a prox-
imity sensor 104 coupled to the electrodes 102. The prox-
imity sensor 104 may be implemented 1n circuitry housed 1n
the device 100, and typically 1s not visible from the outside
of the device. The proximity sensor 104 includes a capaci-
tive sensor (or, more generally, an impedance sensor) that 1s
coupled to the electrodes 102. The impedance sensor 1s used
to measure a change in capacitance (or more generally, a
change 1n impedance) 1n an environment around the device
100. The proximity sensor 104 further includes a proximity
detector. For proximity detection, the impedance sensor may
configured 1n a mutual-sensing mode, also referred to as
mutual-mode. In the mutual-sensing mode, the impedance
sensor forms a capacitor between two electrodes, with an
clectric field spanning the electrodes. More specifically, the
impedance sensor selectively couples to a subset of the
clectrodes 102 and generates an electric field spanning the
selected electrodes 102. In some embodiments, the imped-
ance sensor may be alternately configured in a self-sensing
mode. In the self-sensing mode, the impedance sensor
measures impedance between an electrode (e.g., one of the
clectrodes 102) and a ground. When an object 1s placed near
the electrode, the object modifies the electric field between
the electrode and the ground and increases the measured
capacitance.

In the mutual-sensing mode, the electric field generated
between a subset of electrodes 102 extends outside the
device 100, including a region 1n front of the front face of
the device 100. When a di-electric or metallic object 1s
inserted into the electric field, the capacitance between the
two electrodes changes. In the case of a di-electric change
between the electrodes, the polarization of the di-electric
allects the net capacitance observed between the electrodes.
In the case of a metallic change between the electrodes, the
introduction of the surface charge distribution between the
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clectrodes may modity the electric field distribution, which
may change the net capacitance observed between the
clectrodes. The measurements obtained by the impedance
sensor may be capacitance measurements, or they may be
related to capacitance. For example, the impedance sensor
may capture voltage measurements, which are related to
capacitance (C=q/V, where C 1s capacitance, q 1s charge, and
V 1s voltage).

The impedance sensor obtains sets ol measurements
between various subsets of the electrodes 102. Diflerent
subsets of electrodes 102 may be selected to detect objects
in different positions or directions relative to the device 100.
For example, a first subset of electrodes 102 (e.g., electrodes
102-1 and 102-3) that generate an electric field on a left side
of the face of the device 100 may be used to detect objects
near the left side of the device 100, and a second subset of
clectrodes 102 (e.g., electrodes 102-2 and 102-4) that gen-
crate an electric field on a nght side of the face of the device
100 may be used to detect objects near the right side of the
device 100. As another example, the impedance sensor may
obtain sets ol measurements between each of the corner
clectrodes 102-1 through 102-4 and the center electrode
102-5 (e.g., a first set of measurements between electrodes
102-1 and 102-5, a second set of measurements between
clectrodes 102-2 and 102-5, etc.). In other implementations,
the electrodes 102 may have different configurations (e.g.,
any of the configurations illustrated in FIG. 8), and the
impedance sensor may obtain sets ol measurements for
different subsets of electrodes 102. In some embodiments,
the 1impedance sensor may obtain a set ol measurements
between a subset of three or more electrodes 102. The
impedance sensor 1s described 1n greater detail with respect
to FIGS. 2-7.

The impedance sensor 1s coupled to a proximity detector
that determines whether an object 1s within a proximity of
the face of the device 100, e.g., 11 an object 1s approaching,
the face of the device 100. The proximity detector receives
sets of measurements obtained by the impedance sensor, and
the proximity detector processes the received measurements
to determine whether there has been at least a threshold
change 1n the measurement (e.g., at least a threshold change
1In a capacitance measurement, or at least a threshold change
in measured voltage). For example, if the proximity detector
detects at least the threshold change in multiple sets of
measurements received from the impedance sensor, the
proximity detector determines that an object 1s approaching
the face of the device 100. The proximity detector may apply
various rules for determining directionality of an object
approaching the device 100. For example, for front-facing
proximity detection, the proximity detector may look for a
threshold change 1n one subset of measurements related to
capacitance on one side of the device (e.g., a left side of the
device) and a threshold change i a second subset of
measurements related to capacitance on another side of the
device (e.g., a right side of the device). The proximity
detector may apply the same threshold to each set of
measurements. Alternatively, the proximity detector may
apply different thresholds to different measurement sets,
¢.g., different thresholds for different subsets of electrodes
may be based on calibration data for the impedance sensor.

As one example based on the electrode arrangement
shown 1n FIG. 1, the proximity detector may detect an object
approaching from the front of the device 1I the measure-
ments for one of the electrode pairs (102-1, 102-5) and
(102-2, 102-5) exceeds a threshold change, and if the
measurements for one of the electrode pairs (102-3, 102-5)
and (102-4, 102-5) exceeds the threshold change. Different
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clectrode subsets may also be used to determine 11 an object
1s approaching from a particular side of the device 100. For
example, 11 measurements for both of the electrode pairs
(102-1, 102-5) and (102-2, 102-5) exceed a threshold
change, and measurements for neither of the electrode pairs
(102-3, 102-5) and (102-4, 102-5) exceeds the threshold
change, this may indicate that an object 1s approaching the
device 100 from the left side of the device. Additional details
of the proximity detector are described 1n relation to FIG. 2.

FIG. 1B illustrates an example sensing range for the
proximity detection system of the device 100, according to
some embodiments of the present disclosure. FIG. 1B pro-
vides a three-dimensional perspective view of the device
100 and 1ncludes an x-y-z coordinate system, where the front
face 106 of the device 100 1s in the x-z plane, and the device
100 extends back 1n the y-direction. The electrodes 102 may
be positioned behind the face 106 of the device 100 1n the
y-direction, e.g., behind a touchscreen, as described with
respect to FIG. 1A.

FIG. 1B illustrates two example planes 108 and 110
extending out from the face 106 of the device 100. The
planes 108 and 110 show portions of a sensing range of the
device 100. In the case of a smartphone or other device with
a main front display, a housing around the device 100 (e.g.,
a metal housing surrounding the back and sides of the
device) may prevent electric fields between subsets of
clectrodes from extending through the housing. Thus, the
clectric fields, and corresponding sensing range of the prox-
imity detection system, extend mainly towards a front of the
device 100. The proximity detection system may thus detect
objects approaching the face 106 from the front of the
device, but may not detect objects approaching from a back
of the device.

In some embodiments, the proximity detection system
may be configured to detect objects approaching the face
106 at an angle extending outward from the four edges of the
face 106, 1n the direction of one or more sides of the device
100. As illustrated in FIG. 1B, the range may extend
downward from the lower edge of the face 106 by a first
angle 112, and the range may extend sideways from the left
edge of the face 106 by a second angle 114. The range may
also extend upwards from an upper edge of the face 106 by
the same first angle 112 or a different angle, and sideways
from the right edge of the face 106 by the same second angle
114 or a different angle, depending on the electrode con-
figuration and/or other physical device characteristics. The
first and second angles 110 and 112 may be the same or
different, depending on the electrode configuration and/or
other physical device characteristics. Each of the angles 110
and 112 may be between 0° and 90°, e.g., between 15° and
60°, between 30° and 60°, around 45°, or in some other
range. The angles 110 and 112 may be based at least 1n part
on the electrode positions, e.g., positioning the electrodes
102 nearer to the edges of the device 100 may increase the
sensing range (and increase the angles 110 and 112).

Example Proximity Sensor

FIG. 2 1s a block diagram of a proximity sensor system
200, according to some embodiments of the present disclo-
sure. The proximity sensor system 200 1s an example of the
proximity sensor 104 shown in FIG. 1.

The proximity sensor system 200 includes a driver circuit
210, an impedance bridge 220, an amplifier circuit 230, a
signal processing circuit 240, a sensor controller 250, an
clectrode switch 260, and a proximity detector 280. The
clectrode switch 260 1s coupled to a set of electrodes 102,
which may be similar to the electrodes 102 shown 1n FIGS.
1A and 1B. The electrodes 102 may or may not be consid-
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ered part of the proximity sensor system 200. In alternative
configurations, different, fewer, and/or additional compo-
nents may be included 1n the proximity sensor system 200
from those shown 1 FIG. 2. Furthermore, the functionality
described 1n conjunction with one or more of the compo-
nents shown i FIG. 2 may be distributed among the
components 1n a different manner than described.

The driver circuit 210 generates a stimulus signal that 1s
applied to an mput of the impedance bridge 220. The driver
circuit 210 generates a periodic signal at a particular fre-
quency, €.g., a sinusoidal signal, a square wave, a triangle
wave, etc., and at a particular amplitude. The driver circuit
210 may be configured to adjust the frequency and/or
amplitude of the stimulus signal. For example, the driver
circuit 210 receives an 1nstruction from the sensor controller
250 indicating the amplitude for the stimulus signal and the
frequency for the stimulus signal, and the driver circuit 210
generates a stimulus signal having the nstructed amplitude
and frequency. The driver circuit 210 may generate a digital
wavelorm that 1s converted to an analog signal used to drive
the impedance bridge 220. The digital or analog waveform
generated by the driver circuit 210 may also be provided to
the signal processing circuit 240. An example implementa-
tion of the driver circuit 210 1s shown in FIG. 3.

In some embodiments, the sensor controller 250 1nstructs
the driver circuit 210 to generate a series of stimulus signals
at different amplitudes and/or frequencies. In response, the
driver circuit 210 generates a sequence of stimulus signals,
¢.g., a sequence of stimulus signals each having a different
frequency. In some embodiments, the amplitude and/or
frequency may be fixed. In some embodiments, the sensor
controller 250 1nstructs the driver circuit 210 to generate a
stimulus signal that includes multiple stimulus waves at
multiple different frequencies, 1.e¢., the stimulus waves at
different frequencies are generated simultaneously rather
than 1 a sequence. In response, the driver circuit 210
generates a multiplexed stimulus signal composed of mul-
tiple waves. This can reduce the time to perform a scan at
multiple frequencies.

In some embodiments, the dniver circuit 210 generates
two stimulus signals with opposite phase. For example, to
generate an antiphase signal, the driver circuit 210 passes a
copy of the stimulus signal through an adjustable delay to
delay the phase of the stimulus by signal 180°. The in-phase
and antiphase signals are used 1n the mutual-sensing con-
figuration described further below, 1n particular with respect
to FIG. 5. A single stimulus signal may be used for a
seli-sensing configuration.

The impedance bridge 220 receives the stimulus signal(s)
from the driver circuit 210, and one or more of the electrodes
102 coupled to the impedance bridge 220 generate an
clectric field for sensing impedance 1 an environment
around the impedance bridge 220. The impedance bridge
220 includes three impedance elements, a coupling network,
and two output terminals. A first input terminal couples the
driver circuit 210 to one side of the impedance bridge 220.
A second iput terminal couples another side of the imped-
ance bridge 220 to the driver circuit 210 in the mutual-
sensing mode used for proximity detection; 1n a self-sensing
mode, this side of the impedance bridge 220 1s grounded. At
least one of the impedance elements 1s varniable, and the
sensor controller 250 can adjust the variable impedance
clement(s) to balance the oflset capacitance. When the
stimulus signal or signals are applied to the impedance
bridge 220, an electric field 1s generated 1n an environment
of a sensing electrode (1n the self-sensing mode) or a pair of
sensing electrodes (in the mutual-sensing mode) coupled to
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the coupling network. A first output terminal 1s coupled
between the coupling network and one of the impedance
clements, and a second output terminal 1s coupled between
the other two impedance elements. The voltage or charge
difference between the two output terminals indicates the
impedance in the region of the electric field. The impedance
bridge 1s shown 1n greater detail in FIGS. 4-6B.

The amplifier circuit 230 1s connected to the two output
terminals of the impedance bridge 220 and is configured to
detect and amplily a voltage based on signals from the two
output terminals. The amplifier circuit 230 may include one
or more programmable gain amplifiers (PGAs) that have
adjustable gains; the PGA settings may be received from the
sensor controller 250. The amplifier circuit 230 may turther
convert the analog voltage signal to a digital output; 1n other
embodiments, the amplifier circuit 230 outputs an analog
signal. In some embodiments, the configuration of the
amplifier circuit 230 may change based on whether the
proximity sensor system 200 1s in a mutual-sensing mode or
self-sensing mode. The configuration of the amplifier circuit
230 in a mutual-sensing mode 1s described with respect to
FIG. 5.

The signal processing circuit 240 1s coupled to the ampli-
fier circuit 230 and processes the output of the amplifier
circuit 230. The signal processing circuit 140 may also be
coupled to the driver circuit 210 to receive a copy of the
stimulus signal. The signal processing circuit 240 correlates
the stimulus signal from the driver circuit 210 and the output
signal to 1solate the contribution of the impedance response
at the specific frequency of the stimulus signal. The signal
processing circuit 240 may demodulate the signal nto
in-phase and quadrature components. If the stimulus signal
includes multiple stimulus frequencies as described above,
the signal processing circuit 240 also demodulates the output
signal 1nto components for each of the stimulus frequencies.
The signal processing circuit 240 may output the demodu-
lated signal to the sensor controller 250, or directly to the
proximity detector 270. An example implementation of the
signal processing circuit 140 1s shown in FIG. 2.

The sensor controller 250 controls the other components
of the proximity sensor system 200. The sensor controller
250 may struct the driver circuit 210 to generate a par-
ticular stimulus for the impedance bridge, e.g., a sine wave
at a particular amplitude and particular frequency. If the
sensor system 200 can alternately be configured in the
seli-sensing mode and the mutual-sensing mode, the sensor
controller 250 1nstructs the components of the proximity
sensor system 200 based on the selected mode. In particular,
the sensor controller 250 can select a configuration for the
amplifier circuit 230, and can select whether the impedance
bridge 220 receives one stimulus signal (for self-mode) or
two stimulus signals having opposite phase (for mutual-
mode) from the driver circuit 210. The sensor controller 2350
may 1nstruct the driver circuit 210 to generate a stimulus
signal for a specific mode, e.g., a stimulus signal with one
frequency setting and/or amplitude setting in the self-sens-
ing mode, and a stimulus signal with a different frequency
setting and/or amplitude setting in the mutual-sensing mode.
The sensor controller 250 may comprise one or more
microprocessors or other types of circuitry.

The electrode switch 160 i1s configured to couple the
impedance bridge 220 to one or more of the electrodes 102,
¢.g., to various diflerent subsets of the electrodes 102, as
described with respect to FIG. 1A. The electrode switch 260
may be an example of a coupling network and integrated
into the impedance bridge 220, or the electrode switch may
be connected to a coupling network included in the 1imped-
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ance bridge 220. For example, a device implementing the
proximity sensor system 200 includes a set of two or more
sensing e¢lectrodes 102. In the mutual-sensing mode, the
sensor controller 250 nstructs the electrode switch 260 to
select two of the sensing electrodes. In some embodiments,
the electrodes 102 may also include a ground electrode, and
the proximity sensor system 200 may include a connection
to the ground electrode to ground various elements of the
circuitry within the proximity sensor system 200.

In one example, a first sensing electrode (e.g., the center
clectrode 102-5) 1s fixedly coupled to one terminal of the
coupling network, and a switch (e.g., the electrode switch
260) alternately connects another terminal of the coupling
network to a second sensing electrode (e.g., one of the
corner electrodes 102-1 through 102-4) in the mutual-
sensing mode. In another example, the electrode switch 260
may be a switch matrix that can couple the impedance bridge
220 to a different subset of electrodes selected from a set of
clectrodes that includes three or more electrodes. In this
example, the sensor controller 250 may select two of the
clectrodes 102 to observe an environment around a particu-
lar region of the device, and 1nstruct the electrode switch 260
according to the selection. An example of the switch matrix
1s shown 1 FIG. 7.

The proximity detector 270 receives measurements from
the impedance sensor, e.g., from the sensor controller 250
(as shown 1n FIG. 2), or from the signal processing circuit
240. The proximity detector 270 may receive multiple sets
ol measurements corresponding to multiple subsets of elec-
trodes 102, as described with respect to FIG. 1A. The
proximity detector 270 processes the recerved sets ol mea-
surements to determine whether, for each set of measure-
ments, there has been at least a threshold change in the
measurements. The proximity detector 270 may use rules to
determine whether an object 1s detected based on the sets of
measurements, as described with respect to FIG. 1A.

In some embodiments, the proximity detector 270 filters
cach set of measurements prior to determining whether a set
of measurements exhibits the threshold change, e.g., to
smooth noise in the measurements. For example, the prox-
imity detector 270 may recerve multiple raw sets of mea-
surements from the sensor controller 250, and apply a noise
reduction filter to each set of measurements.

The proximity detector 270 may then calculate a first
difference for each set of measurements, also reterred to as
a first-distance (FD) estimator. The proximity detector 270
receives the measurements as a time series, with each
measurement (e.g., each measured capacitance or measured
voltage) obtained at a diflerent time. To compute the FD
estimator, the proximity detector 270 subtracts the measure-
ment from a previous time (e.g., C,., or V_,) from the
corresponding measurement at a current time (e.g., C,or V).
The proximity detector 270 may compute the FD estimator
using the filtered measurements or, 1 filtering 1s not per-
formed, using the raw measurements. The proximity detec-
tor 270 computes multiple series of FD estimators, one for
cach set of measurements corresponding to a respective
subset of electrodes.

The proximity detector 270 may then determine, for each
FD estimator, whether the FD estimator exceeds a threshold.
For example, the proximity detector 270 filters the measure-
ment data for the electrode pair 102-1 and 102-5, calculates
an FD estimator for the electrode pair 102-1 and 102-35 based
on the filtered measurements, and, it the FD estimator for
this pair exceeds a predefined threshold, the proximity
detector 270 detects a threshold change for the set of
measurements corresponding to the electrode pair 102-1 and
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102-5. This may indicate that an object 1s detected between
this pair of electrodes, or an object 1s moving towards this
pair of electrodes. The proximity detector 270 performs a
similar process for each of the pairs of electrodes for which
it recerves measurements.

The proximity detector 270 may apply rules to the FD
estimators to determine whether to detect front-facing prox-
imity (e.g., whether an object 1s approaching the front face
106 of the device 100) and, in response, output a detection
signal. For example, the proximity detector 270 may output
a detection signal indicating that an object 1s approaching
the front of the device 100 1n response to determining that
a pair of electrodes on one side of the device (e.g., a left side
of the device 100) exceed the threshold at the same time
(e.g., within the same time interval) that a pair of electrodes
on an opposite side of the device (e.g., a right side of the
device 100) exceed the threshold. As another example, the
proximity detector 270 may output the detection signal in
response to determining that FD estimators for each of a set

of electrode pairs (e.g., the pair 102-1 and 102-5; the pair
102-2 and 102-5; the pair 102-3 and 102-5; and the pair

102-4 and 102-5) exceed the threshold. The proximity
detector 270 may apply other rules for detecting an object
approaching the device 100 from one side of the device, e.g.,
the proximity detector 270 may output a top side detection
signal 1n response to determining that FD estimators for one
or more particular electrode pairs (e.g., the pair 102-1 and
102-5 and the pair 102-2 and 102-5) exceed the threshold,
and one or more other electrode pairs (e.g., the pair 102-3
and 102-5 and the pair 102-4 and 102-5) do not exceed the
threshold.

In some embodiments, the proximity detector 270 per-
forms a detection smoothing process. In the process
described above, a detection 1s observed when an FD
estimator, or a set of FD estimators, exceed the threshold at
a particular time, or during a particular time 1nterval, e.g., a
time 1nterval during which one measurement from each of
the electrode pairs 1s captured. Due to remaining noise in the
FD estimators, the detection process may result in false
alarms, missed detections, or a noisy proximity detection
signal. A detection smoothing process can reduce false
alarms, increase the likelihood of a correct detection, and/or
reduce noise 1n the proximity detection signal. The detection
smoothing process may generate a smoothed detection met-
ric, such as a counter or a statistical estimator, e.g., an
estimator calculated using a Hidden Markov Model (HMM).

One example detection smoothing process analyzes FD
estimators calculated over a period of time, e.g., a continu-
ous period of time, or a moving window. For example, the
proximity detector 270 may maintain a counter for the
detection signal, where the counter increments 11 the requi-
site FD estimators for a given detection signal are above
theirr detection thresholds. The counter increments in
response to a detection at a given time, and decrements in
response to no detection at a given time. The proximity
detector 270 may output a smoothed detection signal based
on the counter, e.g., outputting a detection 1n response to the
counter being above 0. A counter may have a limited range,
such as —10 to +10, or -20 to +20 (e.g., for a range of -10
to +10, 11 the count at time t 1s 10, and the detection signal
indicates a detection at time t+1, the count stays at 10 rather
than incrementing to 11). Alternatively, the counter may
consider measurements within a particular time window,
¢.g., the past 10 or 20 sets of observations.

As another example, the proximity detector 270 may
maintain a counter for each electrode pair, where the counter
increments if the FD estimator for an electrode pair above
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the detection threshold, and decrements 1f the FD estimator
for an electrode pair 1s below the detection threshold. The

proximity detector 270 may output a smoothed detection
signal based on the counters, e.g., outputting a detection in
response to each of the counters, or some subset of the
counters, being above 0. Each counter may have a limited
range, such as —10 to +10, or —20 to +20 (e.g., for a range
of —10 to +10, if the count at time t 1s 10, and the FD
estimator 1s above the detection threshold at time t+1, the
count stays at 10 rather than incrementing to 11). Alterna-
tively, the counter may consider measurements within a
particular time window, e.g., the past 10 or 20 observations.

Another example detection smoothing process uses a
Hidden Markov Model (HMM) with an inference algorithm.
The proximity detector 270 may define a state space of the
HMM as x=(d,, C,) where d, 1s detection (1.e., presence of
approach) and C, 1s a capacitance at time t. The proximity
detector 270 may calculate an estimator for each subset of
electrodes using a respective HMM for the electrode subset,
where d, for a given electrode subset 1s the detection of a
threshold change (e.g., detection of the FD estimator being
above the threshold) for that electrode subset, and C, 1s the
capacitance measurement obtained for the electrode subset
at time t. It 1s assumed that the measurements have some
noise, and the state space at time t+1 1s as follows:

d _{ df? Wpﬁ
t+1 —
l—-d;, w-p-1—-p

Cr+1 — dr(cr + &)

where A~p.(0), A is the change in capacitance from
sample to sample, which may be characterized with a
suitable distribution.

The proximity detector 270 may calculate a smoothed
detection signal using the HMM estimators using, e.g., a
forward-backwards algorithm, which may be approximated
with an Extended Kalman Filter (KF), Unscented KF, Par-
ticle Filter, Switching KF, or another algorithm.

Example Driver Circuit and Signal Processing Circuit

FIG. 3 1s a block diagram showing the driver circuit 210
and signal processing circuit 240 of the proximity sensor
system 200 1n greater detail, according to some embodi-
ments of the present disclosure. The driver circuit 210
includes an oscillator 310, a direct digital synthesizer (DDS)
320, and a driver digital-to-analog converter (DAC) 330.
The oscillator 310 generates an oscillating signal with a
fixed frequency that is used as a reference frequency. The
oscillator 310 may be, for example, a crystal oscillator or a
surface acoustic wave (SAW) oscillator.

The DDS 320 receives an input frequency from the sensor
controller 250, as described above, and generates a digital
waveform having the specified frequency. In the example
shown 1n FIG. 3, the DDS 320 generates a digital sine wave.
In other embodiments, the DDS 320 may be configured to
generate a different waveform, or the DDS 320 may be
configured to generate one of a plurality of waveforms
selected by the sensor controller 250. The DAC 330 converts
the digital output of the DDS 320 to the stimulus signal 335.
The stimulus signal 335 1s an analog waveform input to the
impedance bridge 220.

The driver circuit 210 may include additional components
to generate an antiphase signal (1.e., a signal having opposite
phase of the stimulus signal 335) that is provided as a second
input to the impedance bridge 220 1n mutual-sensing mode.
For example, the driver circuit 210 may include a delay
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element configured to receive either the digital waveform
output by the DDS 320 or the analog waveform output by
the DAC 330 and delay the received signal by 180°, gen-
erating an antiphase signal. The driver circuit 210 may have
different configurations from the configuration shown 1n
FIG. 3. For example, the driver circuit 210 may generate an
analog waveform directly using a phase-locked loop (PLL).

The digital waveform 325 output by the DDS 320 and
passed to the driver DAC 330 is also provided to the signal
processing circuit 240. The signal processing circuit 240
performs a correlation of a digital output received from the
amplifier circmit 230 with the digital waveform 325. The
correlation process also demodulates the output from the
amplifier circuit 130 into in-phase (I) and quadrature (Q)
components 390. While in the example shown in FIG. 3 the
correlation/demodulation process 1s performed in the digital
domain, 1n other embodiments, the signal processing circuit
240 may receive the analog stimulus signal 335 from the
driver circuit 210 and perform the correlation and demodu-
lation 1n the analog domain.

More specifically, in the example shown in FIG. 3, the
signal processing circuit 240 includes a delay element 340,
a phase shifter 350, mixers 360, time domain windows 370,
and accumulators 380. The delay element 340 delays the
digital waveform 325 received from the DDS 320 to align
the phase of the digital waveform 325 with the phase of the
output of the amplifier circuit 230. The delay element 340
may be adjustable and calibrated for the device. In some
embodiments, the delay setting of the delay element 340
may be adjusted based on the configuration of the imped-
ance bridge 220 and/or amplifier circuit 230, as reconfigur-
ing the impedance bridge 220 and amplifier circuit 230 may
adjust the phase of the signal received from the amplifier
circuit 230.

One copy of the digital waveform 325 delayed by the
delay element 340 1s passed to a first mixer 360a. Another
copy of the delayed waveform 1s passed to a phase shifter
350 that shifts the phase of the delayed waveform by 90°.
The 90° phase shift 1s used to obtain a quadrature component
of the output signal.

The mixers 360a and 3605 multiply their respective
versions of the delayed digital waveform 325 with the output
of the amplifier circuit 230. Delaying the digital waveform
325 and mixing the delayed waveform with the output of the
amplifier circuit 230 correlates the output waveform to the
input waveform. This has the effect of rejecting signals at
frequencies other than the frequency of the digital waveform
325 and stimulus signal 335. For example, if the proximity
sensor system 200 1s incorporated into a smartphone, the
frequency of the electronics running the screen may interfere
with the proximity sensor system 200. The frequency of the
waveform generated by the driver circuit 210 can be selected
to be a different frequency from other device frequencies,
such that the correlation process rejects signals at other
frequencies 1n the output of the amplifier circuit 230.

The outputs of the mixers 360a and 360/ are each passed
through a respective one of the time domain windows 370a
and 370bh. The outputs of the time domain windows 370a
and 370/ are each coupled to a respective accumulator 380a
and 3805, which generate the demodulated output, 1.e., an I
component 390a and a Q component 3905. The time domain
windowing and accumulation sample the data for storage 1n
memory and further processing by the sensor controller 250.
The output signals 390a and 3900 (referred to generally as
the signal processing output 390) are passed to the sensor
controller 250 for processing. The output signals 390a and
390, may be passed to the proximity detector 270, either
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directly or via the sensor controller 250, and the output
signals 390a and 3905 may be the measurements used for
proximity detection.

Example Impedance Bridge

FIG. 4 1s a block diagram of an example impedance 5
bridge 220, according to some embodiments of the present
disclosure. The impedance bridge 220 includes a first imped-
ance element 405, a second impedance element 410, a third
impedance element 415, and a coupling network 420. In this
example, each of the first, second, and third impedance 10
clements 405, 410, and 415 1s a variable impedance element.
Each impedance element 405, 410, and 415 may include one
or more capacitors and/or one or more resistors. For
example, each impedance element 405, 410, and 315 may
include a variable capacitor and a variable resistor connected 15
in series. Two example circuit implementations for the
impedance elements 405, 410, and 415 are shown 1n FIGS.
6A and 6B.

Each of the first, second, and third impedance elements
405, 410, and 415 has a respective impedance 7., Z,, and Z; 20
that can be adjusted, e.g., by the sensor controller 250. For
example, each impedance eclement 405, 410, and 4135
includes a capacitor digital-to-analog converter (DAC), a
programmable capacitor, or an adjustable capacitor having a
set of possible capacitance settings, and a resistor DAC, a 25
programmable resistor, or an adjustable resistor having a set
ol possible resistance settings. In some embodiments, one or
more components of an impedance eclement may be
bypassed, e.g., a resistor included 1n series with a capacitor
may optionally be bypassed. In some embodiments, one or 30
more of the impedance elements 405, 410, and 415 1s fixed
rather than variable. For example, for an impedance bridge
220 configured for a self-sensing mode, the third impedance
clement 415 may be fixed, and the first and second 1imped-
ance elements 405 and 410 are variable. As another 35
example, for an impedance bridge 220 configured for the
mutual-sensing mode, both the second and third impedance
clements 410 and 415 may be fixed, and the first impedance
clement 405 1s variable. Having all three of the impedance
elements 405, 410, and 415 be variable elements increases 40
sensor size and complexity, but may also provide wider
applicability, e.g., the ability to balance a wider range of
oflset impedances.

The coupling network 420 1s a circuitry network within
the impedance bridge 220 that 1s couplable to electrodes. In 45
particular, the coupling network 420 couples the impedance
bridge 220 to one sensing electrode to implement a seli-
sensing mode, and the coupling network 420 couples the
impedance bridge 220 to two sensing electrodes to 1mple-
ment a mutual-sensing mode. The electrodes coupled to the 50
coupling network 420 are referred to generally as a sensing
impedance element. In some embodiments, the coupling
network 420 includes one or more switches, e.g., a switching,
matrix, to switch between a set of sensing electrodes. The
switching matrix may also ground electrodes that are not 55
used for sensing. An example of a switching matrix 1s shown
in FIG. 7. The electrodes coupled to the coupling network
420 may be located outside of the impedance bridge 220
and, 1n some embodiments, outside of the proximity sensor
system 200. In other words, the coupling network 420 60
provides an electrical interface to couple the impedance
bridge 220 to electrodes (e.g., the electrodes 102) included
in a device (e.g., the device 100) 1n which the proximity
sensor system 200 1s integrated.

An mput terminal 425, also referred to as a first input 65
terminal 425, 1s coupled to the first impedance element 405
and the second impedance element 410. The first mput
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terminal 4235 1s also coupled to the driver circuit 210 to apply
the stimulus signal to the impedance bridge 220, and in
particular, to apply the stimulus signal to the first impedance
clement 405 and the second impedance element 410. A
second 1nput terminal 430 1s coupled to the third impedance
clement 415 and the coupling network 420. The second
input terminal 430 1s further coupled to the driver circuit
210, as shown 1 FIG. 5. In some implementations, the
second mput terminal 430 may be alternately coupled to a
ground 1n a seli-sensing mode. In some embodiments, the
second mput terminal 430 i1ncludes or can be coupled to a
switch or set of switches for switching the second input
terminal 430 to the driver circuit 210 1n the mutual-sensing
mode. The switch 1s controllable to switch the second input
terminal 430 between the ground 1n the self-sensing mode
and the driver circuit 210 in the mutual-sensing mode. An
example of two switches coupled to the second input ter-
minal 430 for switching between the mutual-sensing and
seli-sensing modes 1s shown 1 FIG. 7.

Two output terminals 435 and 440 couple the impedance
bridge 220 to the amplifier circuit 230, which outputs a
voltage related to an environmental characteristic sensed by
the sensing impedance element. The first impedance element
405 1s coupled between the mput terminal 425 and a first
output terminal 4335. The second impedance element 410 1s
coupled between the input terminal 4235 and a second output
terminal 440. The third impedance element 415 1s coupled
between the second mput terminal 430 and the second
output terminal 440. The coupling network 420 1s coupled
between the second mput terminal 430 and the first output
terminal 435. In the mutual-sensing mode, the amplifier
circuit 230 forces the voltage at first output terminal 435 to
match the voltage at second output terminal 440, and con-
verts the net input charge at the first output terminal 435 to
a voltage; the difference between this voltage and the voltage
at second output terminal 440 indicates an imbalance in the
impedance bridge 220 caused by an environmental charac-
teristic.

In operation, the environment around the sensing imped-
ance element has an offset impedance load, referred to as Z, .
The offset impedance load may include a resistance com-
ponent R, and a capacitance component C,. The offset
impedance load may be caused by other elements of the
device implementing the proximity sensor system 200, such
as metallic or di-electric materials 1n the region of the
sensing 1mpedance element. In some embodiments, the
offset impedance load Z, may be different for different
configurations, ¢.g., whether the proximity sensor system
200 1s 1n mutual-sensing or self-sensing mode, or based on
which electrodes are selected by the electrode switch 160. In
some embodiments, the offset impedance load Z, for a
particular device, or for a particular sensor configuration, 1s
considered fixed. In other embodiments, the offset imped-
ance load 7, may vary, e.g., based on device usage (e.g.,
whether certain components of the device are operating),
environmental conditions (e.g., temperature, humidity),
other device characteristics (e.g., whether the device 1is
enclosed 1n a case), or other factors.

The impedance bridge 220 1s balanced such that the offset
impedance load Z; 1s oflset by the impedances 7., Z,, and
7., of the impedance elements 405, 410, and 415. In par-
ticular, setting a first ratio between the first impedance 7,
and the offset impedance 7, equal to a second ratio between
the second 7, and the third impedance 7, balances the
impedance bridge 220. The sensor controller 250 may
instruct the impedance bridge 220 to perform a calibration
procedure to measure the oflset impedance load (e.g., R and
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C.), and the sensor controller 2350 sets one or more of the
impedances Z,, 7., and 7, according to the measured oflset
impedance load. The sensor controller 250 provides nstruc-
tions to one or more of the impedance elements 405, 410,
and 415, and 1n particular, to their constituent elements (e.g.,
variable capacitors and variable resistors) to adjust the
impedances (e.g., some or all of R, R,, and R,; some or all
of C,, C,, and C,) to balance the offset impedance load 7, .

More particularly, to balance the impedance bridge 220,
the sensor controller 250 may determine the oflset imped-
ance 7, based on measurements obtained by the impedance
bridge 220 or another sensor. The sensor controller 2350
determines the first impedance Z, for the first impedance
clement 405 based on the offset impedance 7, and provides
instructions to the first impedance element 405 to set it to the
determined first impedance setting. For example, the sensor
controller 250 adjusts the first impedance 7, to match or
approximately match the oflset impedance Z The first
impedance element 7, may have a finite number of 1mped-
ance settings, and the sensor controller 250 selects the
impedance setting that most closely matches the offset
impedance Z,. In another example, if the offset impedance
7, (e.g., the inverse of the offset capacitance C,) 1s lower
than the first impedance element 405 may be set to (e.g., the
oflset capacitance C; 1s higher than the highest capacitance
setting 1n a programmable capacitor), the selected first
impedance 7., 1s diflerent from the oflset impedance Z;.

In some embodiments, only the first impedance 7, 1s
variable, and the sensor controller 250 instructs the first
impedance element 405 according to the selected first
impedance 7, to balance the impedance bridge 220. In other
embodiments, the second and/or third impedances 7., and 7,
are also variable. In such embodiments, the sensor controller
250 selects the second and/or third impedances 7, and Z,
based on the oflfset impedance 7, and the selected ﬁrst
impedance Z,. The sensor eentreller 2350 selects the second
and/or third impedances 7, and 7, such that the first ratio
Z../7., 1s equal to the second ratio 7Z,/7.,. In one example, the
first, second, and third impedances 7Z,, Z,, and Z, are all set
equal or approximately equal to Z, . In another example, the
first impedance Z, 1s set equal or approximately equal to Z,,
and the second and third impedances 7., and 7., are equal to
cach other but not equal to Z,, e.g., Z, and Z, are less than
Z.,. In still another example, the first impedance Z, 1s less
than 7, and the second impedance Z, 1s less than the third
impedance 7. The second impedance 7, may also be less
than the first impedance Z,, and the third impedance Z, less
than the offset impedance Z,, to balance an oflset load that
1s greater than highest impedance setting of the impedance
elements 405, 410, and 415.

Example Impedance Bridge Configured for Mutual-Sens-
ing Mode

FIG. 5 1s a block diagram of an impedance bridge 500,
driver circuit 550, and amplifier circuit 560 configured 1n a
mutual-sensing mode, according to some embodiments of
the present disclosure. The impedance bridge 500 1s an
example of the impedance bridge 220 described with respect
to FIGS. 2-4. A first input terminal 525 couples the imped-
ance bridge 220 (particularly, the first impedance element
505 and the second impedance element 510) to a driver
circuit 550, which 1s an example of the driver circuit 210
described with respect to FIGS. 2 and 3. The driver circuit
550 generates two signals, a first signal 552 and a second
signal 554 that has an opposite phase of the first signal 352.
The first signal 352 and second signal 534 are also referred
to as phase and antiphase signals. The first signal 352 1s
provided to the mput terminal 525. The second signal 554 1s
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provided to a second 1nput terminal 530, which 1s coupled to
a coupling network 520 and a third impedance element 515.
The coupling network 520 1s coupled to two or more sensing
clectrodes, as described with respect to FIG. 7.

A first output terminal 535 1s coupled between the first
impedance element 5035 and the coupling network 520, and
a second output terminal 540 1s coupled between the second
impedance element 510 and the third impedance element
515. The first output terminal 535 and second output termi-
nal 540 are further coupled to an amplifier circuit 560, which
1s an example of the amplifier circuit 230. The third 1mped-
ance element 515 1s coupled between the second output
terminal 540 and the second mnput terminal 530, and the
coupling network 3520 1s coupled between the first output
terminal 535 and the second mnput terminal 530. When the
impedance bridge 500 1s balanced, the opposing stimulus
signals 352 and 554 cancel out at the output terminals 535
and 540. A DC oflset voltage may be applied to output
terminals 535 and 540 to set these to fixed voltage. A change
in the environment around the electrodes coupled to the
coupling network 520 changes the charge level at the output
terminal 535.

The amplifier circuit 560 includes two PGAs 570 and 575.
Each PGA 570 and 575 may have an adjustable gain, and the
sensor controller 250 selects a gain setting and instructs the
amplifier circuit 560 to adjust the gains of the PGAs 570 and
575 accordingly. The first PGA 570 includes an amplifier
572 and a feedback capacitor 374 coupled to the output of
the amplifier 572. The feedback capacitor 574 1s also con-
nected to the mput of the amplifier 572 that 1s connected to
the first output terminal 335. The first PGA 570 forces the
voltage at the first output terminal 535 to match the voltage
at the second output terminal 540 and converts a net charge
due to an imbalance 1 the impedance bridge 500 to an
output voltage. The feedback capacitor 574 may be a vari-
able capacitor, and its capacitance can be set by the sensor
controller 250 based on the capacitance response across the
clectrodes coupled to the coupling network 520. Reducing
the capacitance of the feedback capacitor 574 reduces the
noise in the measured impedance but also reduces the range
of impedance loads the sensor system can measure, while a
higher capacitance setting for the feedback capacitor 574
increases the measurement range but also may increase the
noise 1n the impedance measurement. If the capacitance
response across the electrodes coupled to the coupling
network 520 has a relatively large amount of varniation, the
teedback capacitor 574 may saturate, increasing the noise 1n
the resulting output signal. Therefore, when variation in
capacitance across the electrodes coupled to the coupling
network 520 1s greater, the sensor controller 250 may select
greater capacitance setting for the feedback capacitor 574.

The second PGA 5735 has a first input coupled to the
second output terminal 540 and a second mput that 1s
coupled to the output of the first PGA 570. The second PGA
575 amplifies a diflerence between the voltage at the second
output terminal 540 and the output voltage of the PGA 570.
The two outputs of the second PGA 3575 are coupled to
inputs of an ADC 580. The ADC 580 converts the amplified
difference signal to a digital output 590. The digital output
590 1s coupled to a signal processing circuit, e.g., the signal
processing circuit 240 shown i FIGS. 2 and 3. In other
embodiments, the ADC 580 1s omitted, and the amplifier
circuit 560 provides an analog output signal to the signal
processing circuit 240.

In some embodiments, the sensor system shown in FIG.
5 can be reconfigured 1n a self-sensing mode. The second
input terminal 330 may include a switch or switches to either
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couple the impedance bridge to the driver circuit, as shown
in FIG. §, or alternatively to couple the impedance bridge to
a ground; an example switches are shown 1 FIG. 7. The
amplifier circuit 230 may also include switchable connec-
tions between the PGAs so that the second PGA 575 can
receive inputs from the impedance bridge 220 and the first
PGA 570, as shown 1n FIG. 5, or so that the second PGA 575
can be coupled to two outputs of the first PGA 570 1n a
self-sensing mode. The sensor controller 250 provides
instructions to the switch(es) at the second input terminal
and 1nstructions to the amplifier circuit to configure the
proximity sensor system 200 1n either of the modes. In some
other embodiments, the amplifier circuit 230 includes two
different amplifier circuits (one for a seli-sensing mode, and
the amplifier circuit 360 for the mutual-sensing mode), and
the sensor controller 250 selects one of the amplifier circuits
and couples the selected amplifier circuit to the impedance
bridge 220 and signal processing circuit 240 based on the
selected sensing mode.

Example Impedance Bridge Circuit Diagram

FIGS. 6A and 6B show two circuit diagrams of two circuit
configurations 600 and 605 of an example i1mpedance
bridge, according to some embodiments of the present
disclosure. The circuit diagrams shown 1n FIGS. 6A and 6B
may be two configurations of the impedance bridges 220 and
500 described with respect to FIGS. 2-5. In some embodi-
ments, the impedance bridge 220 may alternate between the
configurations shown 1 FIGS. 6A and 6B. The first con-
figuration 600 1s referred to as a capacitor bridge configu-
ration, and the second configuration 605 1s referred to as a
resistor pullup configuration.

The first configuration 600 includes a first resistor 610 and
a first capacitor 615 connected in series and coupled
between a first input terminal 660 and a first output terminal
670. The first resistor 610 and first capacitor 615 are an
example of the first impedance elements 4035 and 505 shown
in FIGS. 4 and 5. The first configuration 600 includes a
second resistor 620 and a second capacitor 625 connected 1n
series and coupled between the first input terminal 660 and
a second output terminal 675. The second resistor 620 and
second capacitor 625 are an example of the second imped-
ance elements 410 and 510 shown 1n FIGS. 4 and 5. The first
configuration 600 includes a third resistor 630 and a third
capacitor 635 connected 1n series and coupled between a
second 1nput terminal 665 and the second output terminal
675. The third resistor 630 and third capacitor 635 are an
example of the third impedance elements 415 and 5135
shown 1 FIGS. 4 and 5. In this example, each of the
resistors 610, 620, and 630 i1s a vanable resistor; their
respective resistances R1, R2, and R3 may be set by the
sensor controller 250.

Each of the capacitors 615, 625, and 635 1s a variable
capacitor; their respective capacitances C1, C2, and C3 may
be set by the sensor controller 250. As noted above, 1n some
implementations, one or more of the resistors 610, 620, and
630 and/or capacitors 6135, 625, and 635 may be fixed.

The first configuration 600 further includes a sensed
resistance 640 and a sensed capacitance 645. The sensed
resistance 640 and sensed capacitance 645 are models of the
resistance and capacitance across the electrodes coupled to
the coupling network. The sensed resistance 640 and sensed
capacitance 645 may have an oflset component, 1.e., the
oflset impedance load described with respect to FIGS. 2-5.
The sensed resistance 640 and sensed capacitance 645 may
also have a load that varies based on environmental condi-
tions, such as a tissue sample, a finger, or another material
in the environment of the electrode(s).
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FIG. 6B shows a second configuration 603 of an example
impedance bridge. In the second configuration 603, the first
and second series resistors 610 and 620 and first and second
series capacitors 6135 and 625 have been replaced with two
pullup resistors 650 and 655. The pullup resistors 650 and
655 enable measurement of a small change 1n capacitance
when the oflset capacitance 1s large.

The mmpedance bridge 220 may be able to alternate
between the first configuration 600 and second configuration
605. In one embodiment, the first and fifth resistors 610 and
650 are the same, and the second and sixth resistors 620 and
655 are the same; the impedance bridge 220 switches from
the first configuration 600 to the second configuration 605
by bypassing the capacitors 615 and 6235. Alternatively, the
impedance bridge may include one pair of pathways
between the terminals 670 and 660 and another pair of
pathways between the terminals 675 and 660, and switches
to select one pathway of each of the pair of pathways. In
some embodiments, the impedance bridge may be config-
ured so that the circuit simultaneously includes both path-
ways between the terminals 670 and 660 and both pathways
between the terminals 675 and 660, 1.e., the pathways
including the first and second resistors 610 and 620 and first
and second capacitors 615 and 625, as well as the pathways
including the fifth and sixth resistors 650 and 653, with the
fifth and sixth resistors connected in parallel to the first and
second resistors 610 and 620 and the first and second
capacitors 615 and 625.

The resistor pullup configuration 605 shown 1n FIG. 6B 1s
useiul for measuring loads with large oflset capacitance.
When the available capacitance on the impedance bridge 1s
less than the oflset capacitance (e.g., the oflset load has a
greater capacitance than the largest available capacitance
setting for C,), the resistor pullup configuration 6035 can be
used to achieve a better signal-to-noise ratio than may be
achieved with the capacitor bridge configuration 600, so the
sensor controller 250 may select the resistor pullup configu-
ration 605. On the other hand, when the offset capacitance
1s less than the available capacitance on the impedance
bridge, the capacitor bridge configuration 600 may provide
better signal-to-noise ratio than the resistor pullup configu-
ration 605, so the sensor controller 250 may select the
capacitor bridge configuration 600. While the impedance
bridge may be designed with larger on-chip capacitances to
improve signal-to-noise ratio for larger loads, this also
increases the amount of the die dedicated to the on-chip
capacitors, and may increase the size of the chip. Imple-
menting a resistor pullup configuration 605 can be used to
improve noise performance at high loads without constrain-
ing chip area or increasing chip size.

Example Device With Impedance Bridge Sensor

FIG. 7 1s a block diagram of an example implementation
of a sensor system 700 implemented 1n a device 760 and
configured 1n a mutual-sensing mode, according to some
embodiments of the present disclosure. The sensor system
700 1s an example of the proximity sensor system 200, and
more particularly, an example of the mutual-mode sensor
system shown 1n FIG. 5. The sensor system 700 includes an
impedance bridge having three impedance elements 705,
710, and 715 and a switch matrix 720, which 1s an example
implementation of a coupling network 420. A first 1mput
terminal 725 1s coupled to a driver circuit 750, which 1s an
example of the driver circuit 210. A second input terminal
730 1s also coupled to the driver circuit 750. The second
input terminal 730 1s coupled to a first switch 732 config-
urable to couple the third impedance element 715 to the
driver circuit 750. The second mnput terminal 730 1s also
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coupled to a second switch 734 configurable to couple the
switch matrix 720 to the driver circuit 750. In the mutual-
sensing mode shown 1n FIG. 7, the switches 732 and 734 are
configured to couple the third impedance element 715 and
switch matrix 720, respectively, to the second mput terminal
730 and thus to the driver circuit 750. I the sensor system
700 can alternately be configured 1n a self-sensing mode, the
switch 732 couples the third impedance element 715 to a
ground element, VSS 755, and the switch 734 floats the
lower terminal of the switch matrix 720.

The driver circuit 750 generates a first stimulus signal 752
and second stimulus signal 754 having opposite phase of the
first stimulus signal 752. The first stimulus signal 752 1is
coupled to the first mput terminal 725, and the second
stimulus signal 754 1s coupled to the second input terminal
730. The second stimulus signal 754 1s applied to the switch
matrix 720 and third impedance element 715 based on the
configurations of the switches 734 and 732. The impedance
bridge has two outputs 735 and 740, which are connected to
an amplifier circuit (e.g., amplifier circuit 230 or 560) not
shown 1 FIG. 7. In addition to the amplifier circuit, the
sensor system 700 may further include a signal processing
circuit (e.g., signal processing circuit 240), control circuitry
(e.g., sensor controller 250), and a proximity detector (e.g.,
proximity detector 270).

The switch matrix 720 1s couplable to electrodes on the
device 760. In this example, the device 760 includes four
clectrodes 7635-1, 765-2, 765-3, and 765-4 arranged near the
corners of the device 760; these may be sensing electrodes.
The device 760 may further include one or more additional
sensing electrodes (e.g., a central sensing electrode, as
shown 1n FIG. 1), and/or one or more ground electrodes. The
device 760 may have other electrode configurations, such as
the configurations illustrated 1n FIG. 8. The device 760 may
include any number of sensing electrodes 765 and any
number of ground electrodes 770. In this example, the
sensor system 700 includes pins IN1, IN2, IN3, and IN4 for
coupling to the electrodes 765 on the device 760. For
example, the first electrode 765-1 1s coupled to a first input
pin IN1 on the sensor system 700 via connection 780-1. The
first input pin IN1 1s coupled to an mput of the switch matrix
720. Note that while FIG. 7 depicts the sensor system 700 as
being outside of the device 760, it should be understood that
the sensor system 700 may be integrated into the device 760
as a component or subsystem of the device 760.

The switch matrix 720 includes circuitry for coupling the
first output terminal 735 and the second mput terminal 730
to electrodes 765 of the device 760. In the example shown
in FI1G. 7, the switch matrix 720 selects the second sensing
clectrode 765-2 and the third sensing electrode 765-3, as
indicated by the heavier connection lines 780-2 and 780-3,
¢.g., the switch matrix 720 couples the first output terminal
735 to the second electrode 765-2 and the second input
terminal 730 to the third electrode 765-3, or vice versa. In
some embodiments, the switch matrix 720 further couples
any unused sensing electrodes (here, the first and fourth
clectrodes 765-1 and 765-4) to the VSS 735 to ground the
unused sensing electrodes. The switch matrix 720 may
alternately be set to couple the first output terminal 735 and
second mput terminal 730 to any pair of electrodes 765. The
switch settings may be determined by the sensor controller
250, which transmits configuration istructions to the elec-
trode switch matrix 720 and the switches 732 and 734. In
this configuration, the output of the impedance bridge 1s
correlated to a change 1n capacitance between the selected
clectrodes 765-2 and 7635-3 and on the right side of the
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790 between the selected electrodes 765-2 and 765-3. At
least a portion of the electric field between the electrodes
765-2 and 765-3 extends outside of the device 760 and 1is

able to sense changes in the environment outside of the
device 760.

In some embodiments, the switch matrix 720 may couple
the first output terminal 735 and/or second mnput terminal
730 to multiple electrodes 7635. For example, 11 the device
760 1ncludes a first pair of electrodes on one side of a device
(e.g., 765-1 and 765-4) and a second pair of electrodes on
another side of the device (e.g., 765-2 and 765-3), the switch
matrix 720 may couple the first pair of electrodes to the first
output terminal 735 and the second pair of electrodes to the
second iput terminal 730. This may enable the sensor
system 700 to obtain an impedance measurement across a
larger region.

The sensor controller 250 may nstruct the switch matrix
720 to cycle through a series of different configurations and
obtain a sequence of measurements, €.g., measurements
from different combinations of electrodes. In some embodi-
ments, the sensor controller 250 may instruct the switch
matrix 720 and switches 734 and 732 to cycle through
measurements 1 different modes. As one example, the
sensor controller 2250 instructs the proximity sensor system
200 to obtain a sequence of mutual-mode measurements
using different combinations of the sensing electrodes 7635
(e.g., a first measurement between the electrodes 765-1 and
765-4 followed by a second measurement between the
clectrodes 765-2 and 765-3). As another example, the sensor
controller 250 1nstructs the proximity sensor system 200 to
obtain sequence of self-mode measurements using each of
the sensing electrodes 765 1n series (e.g., a first measurement
using the first sensing electrode 765-1, a second measure-
ment using the second sensing electrode 763-2, etc.). The
sensor controller 250 may switch back and forth between
self-sensing and mutual-sensing modes and obtain measure-
ments 1 each mode. The sensor controller 250 may adjust
one or more of the impedance settings 71, Z2, and Z3 based
on the selected electrode(s) and selected mode to account for
different oflset impedances. In some embodiments, the sen-
sor controller 250 further instructs the driver circuit 210 to
generate different signal frequencies and/or amplitudes for
different measurements. For example, the sensor controller
250 1nstructs the electrode switch matrix 720 to select the
first and fourth electrodes 765-1 and 765-4 and obtains a
series of measurements at a set of diflerent stimulus fre-
quencies; the sensor controller 250 then instructs the elec-
trode switch matrix 720 to select the second and third
clectrodes 7635-2 and 765-3 and obtains a series of measure-
ments at the set of stimulus frequencies, etc. Various com-
binations of sensing mode, electrode selection, frequency
selection, and amplitude selection are possible.

Alternative Electrode Layouts for Proximity Sensor Sys-
tem

FIGS. 8 A-8D illustrate additional example electrode lay-
outs for a proximity detection system, according to some
embodiments of the present disclosure. As noted above, the
example electrode geometries and electrode layouts shown
in FIGS. 1 and 7 are exemplary, and other electrode geom-
etries and/or electrode layouts may be used.

FIG. 8A 1llustrates a device 800 having four electrodes
802 at different positions along the face of the device 800.
Each of the electrodes 802 1s located near a center of an edge
of the face of the device 800. For example, the electrode
802-1 1s located along the top edge of the device 800, and
the electrode 802-2 1s located along the left edge of the
device 800. As 1llustrated, the electrodes 802 may be slightly
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oflset from the edges, e.g., 1n the range of 0-10 millimeters.
The electrodes 802 depicted 1n FIG. 8A are circular, but 1n
other embodiments may have diflerent geometries, e.g.,
ovals, squares, or rectangles (as illustrated in FIG. 8C).

The impedance sensor obtains sets of measurements
between various subsets of the electrodes 802. Diflerent
subsets of electrodes 802 may be selected to detect objects
in different positions or directions relative to the device 800.
For example, two pairs of electrodes (802-1 and 802-2;
802-2 and 802-4) generate electric fields on a left side of the
tace of the device 800; these two pairs may be used to detect
objects near the left side of the device 800. Another two pairs
of electrodes (802-1 and 802-3; 802-3 and 802-4) generate
clectric fields on a right side of the face of the device 800;
these two pairs may be used to detect objects near the right
side of the device 800. If measurements from each of the
four pairs indicates a change in capacitance, the proximity
detection system may output a front-facing proximity detec-
tion signal. IT measurements from one side (e.g., both of the
right-side pairs) but not measurements from the other side
(c.g., neither of the left-side pairs) indicate a change 1n
capacitance, the proximity detection system may output a
side proximity detection (in this example, a right-side prox-
imity detection). As another example, the impedance sensor
may obtain a set of measurements between the top and
bottom electrodes (802-1 and 802-4) and a set of measure-
ments between the left and rnight electrodes (802-3 and
802-3). If both of the top-bottom and left-right measurement
sets indicate a change in capacitance, the proximity detec-
tion system may output a detection signal.

FIG. 8B illustrates a device 810 having two elongated side
clectrodes 814-1 and 814-2 and a central electrode 812. The

two side electrodes 814-1 and 814-2 extend along the left
side and rnight side of the device 810, respectively. The
central electrode 812 has a smaller surface area than the side
clectrodes 814. In other examples, the electrodes 812 and
814 may have diflerent geometries or sizes from the 1llus-
trated geometries and sizes, €.g., the electrodes 814 may be
longer or shorter, the electrodes 814 may be rounded or
ovular, the electrode 812 may be a square, rectangle, or oval,

etc.

The impedance sensor may obtain sets of measurements
between multiple subsets of the electrodes 812, 814-1 and
814-2. For example, the electrodes 814-1 and 812 generate
an electric field on a left side of the face of the device 810,
and may be used to detect objects near the left side of the
device 810, while the electrodes 812 and 814-2 generate an
clectric field on a right side of the face of the device 810, and
may be used to detect objects near the right side of the device
810. If measurements from each of these pairs indicates a
change 1n capacitance, the proximity detection system may
output a front-facing proximity detection signal.

FIG. 8C illustrates a device 820 having four elongated
clectrodes 824 at different positions along the face of the
device 820. Each of the electrodes 824 1s located along an
edge of the face of the device 820. For example, the
clectrode 824-1 1s located along the top edge of the device
820, and the electrode 824-2 1s located along the left edge of
the device 820. As illustrated, the electrodes 824 may be
slightly offset from the edges, e.g., 1n the range of 0-10
millimeters. The electrodes 824 depicted in FIG. 8C are
rectangular. The impedance sensor obtains sets of measure-
ments between various subsets of the electrodes 824. Dii-
ferent subsets of electrodes 824 may be selected to detect
objects 1n different positions or directions relative to the

10

15

20

25

30

35

40

45

50

55

60

65

24

device 820. For example, the electrodes 824 may be paired
in a similar manner to the electrodes 802 described with
respect to FIG. 8A.

FIG. 8D 1llustrates a device 830 having six electrodes 832
at diflerent positions along the face of the device 830. Four
of the electrodes 832-1, 832-3, 832-4, and 832-6 are located
near the four comers of the face of the device 830. The
clectrodes 832-2 and 832-5 are located near the centers of
the left and right edges, respectively, of the face of the
device 830. As 1llustrated, the electrodes 832 may be slightly
oflset from the edges, e.g., 1n the range of 0-10 millimeters.
The electrodes 832 depicted 1n FIG. 8D are circular, but 1n
other embodiments may have different geometries, e.g.,
ovals, squares, or rectangles.

The 1mpedance sensor obtains sets of measurements
between various subsets of the electrodes 832. Diflerent
subsets of electrodes 832 may be selected to detect objects
in different positions or directions relative to the device 830.
For example, two pairs of electrodes (832-1 and 832-2;
832-2 and 832-3) generate electric fields on a left side of the
face of the device 800; these two pairs may be used to detect
objects near the left side of the device 830. Another two pairs
of electrodes (832-4 and 832-5; 832-5 and 832-6) generate
clectric fields on a right side of the face of the device 830;
these two pairs may be used to detect objects near the right
side of the device 830. If measurements from each of these
pairs indicates a change 1n capacitance, the proximity detec-
tion system may output a front-facing proximity detection
signal. I measurements from one side (e.g., both of the
right-side pairs) but not measurements from the other side
(e.g., neither of the left-side pairs) indicate a change 1n
capacitance, the proximity detection system may output a
side proximity detection (in this example, a right side
proximity detection). As another example, the impedance
sensor may obtain a set of measurements between the two
top electrodes (832-1 and 832-4) and a set of measurements
between the two bottom electrodes (832-3 and 832-6) for top
proximity or bottom proximity detection. As still another
example, the impedance sensor may use multiple side-to-
side measurements, €.g., between the top electrodes (832-1
and 832-4), middle electrodes (832-2 and 832-5), and bot-
tom electrodes (832-3 and 832-6) to perform front-facing
proximity detection.

Methods for Using Sensor System

FIG. 9 provides a method for sensing a change 1n imped-
ance using the sensor system, according to some embodi-
ments of the present disclosure. Circuitry, e.g., the sensor
controller 250, determines 910 impedance settings 71, 72,
and Z3 for the impedance elements 405, 410, and 415 to
balance an oflset capacitance on the sensor, e.g., on a
selected electrode or across a selected pair of electrodes. In
some embodiments, one or more of the impedance elements
are fixed, and the circuitry determines impedance settings
for the variable elements, e.g., the circuitry determines a first
1mpedance 71 for the first impedance element 405 based on
the offset impedance, the second impedance 72, and the
third impedance Z3.

The circuitry configures 920 the variable impedance ele-
ments based on the selected impedances. For example, the
circuitry transmits mstructions to adjust a variable capacitor
included 1 the first impedance element 405 to set the
capacitance to a determined capacitance.

A driver circuit, e.g., the driver circuit 210, applies 930 a
stimulus signal to the impedance bridge. The drniver circuit
210 may generate the stimulus signal at a particular fre-
quency or amplitude at the instruction of the circuitry. In
some embodiments, the driver circuit 210 generates and
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applies two stimulus signals having opposite phases to
opposite sides of the impedance bridge, as described above.

The circuitry receives an output of the impedance bridge
via a pair of output terminals and measures 940 a change in
impedance caused by a change in an environment of the
clectrode or electrodes. For example, the amplifier circuit
230 and signal processing circuit 240 generate a demodu-
lated and digitized output signal to the sensor controller 250,
which can determine a change 1n impedance relative to the
oflset impedance based on the output signal. The sensor
controller 250 may compare the impedance measurement to
the oflset impedance to determine a change relative to a
baseline. The sensor controller 250 may also monitor
changes 1n a series of impedance measurements taken over
a period of time, e.g., as a sensed impedance changes while
a user’s finger 1s moving towards the selected electrode(s).

FIG. 10 provides a method for using an impedance sensor
in a mutual-sensing mode, according to some embodiments
of the present disclosure. The sensor, e.g., the sensor con-
troller 250, sets 1010 impedances Z1, 72, and Z3 to balance
an oilset impedance 1n mutual-sensing mode. In particular,
the sensor controller 250 sets one or more of the impedances
/1, 72, and 73 for a particular set of electrodes configured
for the mutual-sensing mode. The sensor, e.g., the sensor
controller 250, further sets 1020 the configuration of the
amplifier circuit 230 for mutual-sensing mode, e.g., 1n the
configuration shown 1n FIG. 5. The sensor, e.g., the drniver
circuit 210, applies 1030 a stimulus signal (e.g., the stimulus
signal 552 or 752) to a first mput to the impedance bridge
(e.g., to the first input terminal 5235 or 725) and an antiphase
stimulus signal (e.g., the stimulus signal 554 or 754) to a
second input to the impedance bridge (e.g., to the second
input terminal 530 or 730). The sensor measures 1040 a
change 1 1mpedance across the electrodes coupled to the
coupling network of the impedance bridge. For example, the
impedance measurement obtained by the sensor controller
250 based on the output of the signal processing circuit 240
indicates a change 1n impedance relative to the offset imped-
ance.

Method for Proximity Detection

FIG. 11 provides a method for proximity detection,
according to some embodiments of the present disclosure. A
proximity detection system (e.g., the proximity sensor 104,
which may include the impedance bridge 220 and other
components shown in FIG. 2) obtamns 1110 measurement
data related to capacitance between multiple pairs of elec-
trodes. As described above, the proximity detection system
includes or 1s coupled to multiple electrodes (e.g., three or
more electrodes) near a face of a device. The proximity
detection system may obtain multiple sets of measurements
from multiple subsets of electrodes, e.g., multiple pairs of
the electrodes 102 or electrodes 765, by cycling through
different electrode pairs using a switch matrix, such as the
switch matrix 720. The sensor may pass the measurement
data to a proximity detector, e.g., the proximity detector 270.

A proximity detector (e.g., the proximity detector 270)
filters 1120 the measurement data for each pair of electrodes.
For example, the proximity detector 270 may apply a noise
filter to the measurement data for each pair of electrodes, as
described with respect to FIG. 2.

The proximity detector calculates 1130 first differences of
the filtered measurement data for each pair of electrodes. As
described with respect to FIG. 2, this may be referred to as
a FD estimator.

The proximity detector compares 1140 the first differ-
ences calculated for each pair of electrodes to a threshold.
The proximity detector 270 may compare each first difler-
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ence (for each electrode pair) to the same threshold or to
different thresholds. The threshold(s) may be set based on an

initial calibration of the device 100. If the FD estimator for
a particular electrode pair exceeds its threshold, this indi-
cates a change in capacitance between that electrode pair,
which may correspond to an object approaching the elec-
trodes and, more particularly, moving into the electric field
between the electrode pair.

The proximity detector determines 1150 1f the electrode
pairs that exceed the threshold (1.e., the electrode pairs for
which a detection was observed) indicate a proximity detec-
tion for the device 100. For example, the proximity detector
270 may apply one or more rules to the electrode pairs to
determine whether front-facing proximity 1s observed, e.g.,
whether a detection 1s observed on two sides of the device
100, or whether detection 1s observed between each pair of
clectrodes for which measurements are obtained. The prox-
imity detector 270 may determine other types of proximity
in addition to or instead of front-facing proximity, e.g.,
proximity towards a side of the device 100. As described
with respect to FIG. 2, the proximity detector 270 may
perform detection smoothing to reduce noise in the detection
signal.

Select Examples

Example 1 provides proximity sensor system including a
sensor and a proximity detector, where the sensor 1s cou-
plable to a plurality of electrodes, each of the plurality of

clectrodes at a different position on a face of a device, the
sensor 1s further to obtain a first set of measurements
between a first subset of the plurality of electrodes, the first
set of measurements related to capacitance between the first
subset of the electrodes; and obtain a second set of mea-
surements between a second subset of the plurality of
clectrodes, the second set of measurements related to capaci-
tance between the second subset of the electrodes; and the
proximity detector 1s to detect at least a first threshold
change 1n the first set of measurements; detect at least a
second threshold change 1n the second set of measurements;
and 1n response to detecting at least the first threshold
change 1n the first set of measurements and detecting at least
the second threshold change in the second set of measure-
ments, determine that an object 1s approaching the face of
the device.

Example 2 provides the system of example 1, where the
device includes a display screen, and each of the plurality of
clectrodes 1s located behind the display screen.

Example 3 provides the system of example 1, where the
first set of measurements are related to capacitance on a left
side of the device, and the second set of measurements are
related to capacitance on a right side of the device.

Example 4 provides the system of example 1, where the
plurality of electrodes includes at least four electrodes, and
the sensor 1s configured to obtain sets of measurements
between four pairs of electrodes selected from the at least
four electrodes.

Example 5 provides the system of example 4, where two
pairs of the four pairs of electrodes obtain measurements
related to capacitance along a left side of the device, and two
of the pairs of the four pairs of electrodes obtain measure-
ments related to capacitance along a right side of the device.

Example 6 provides the system of example 1, where the
proximity detector 1s configured to receive the first set of
measurements from the sensor; filter the first set of mea-
surements; compute a set of differences of the filtered first
set of measurements; and compare each of the set of
differences to the first threshold.
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Example 7 provides the system of example 1, where the
proximity detector 1s further configured to perform a
smoothing process on changes in the first set ol measure-
ments and changes 1n the second set of measurements; and
determine that an object 1s approaching the face of the
device based on a result of the smoothing process.

Example 8 provides the system of example 1, where the
sensor 1includes an impedance bridge; and a switching circuit
to alternately couple the first subset of the electrodes to the
impedance bridge and the second subset of the electrodes to
the impedance bridge.

Example 9 provides the system of example 8, the imped-
ance bridge including a first impedance element, a second
impedance element, and a third impedance element, where
the first impedance element 1s a variable impedance element.

Example 10 provides the system of example 9, further
including circuitry to adjust an impedance of the first
impedance element to balance an oflset impedance on a
subset of electrodes coupled to the sensor.

Example 11 provides the system of example 8, further
including an input terminal coupled to the impedance bridge
to apply a stimulus signal to the impedance bridge; and an
amplifier circuit coupled to a first output terminal and a
second output terminal of the impedance bridge, the ampli-
fier circuit configured to output the first set of measurements
and the second set of measurements based on signals from
the first output terminal and the second output terminal.

Example 12 provides a proximity detection method
including obtaining a {irst set of measurements between a
first subset of a plurality of electrodes along a face of a
device, the first set of measurements related to capacitance
between the first subset of the electrodes; obtaining a second
set of measurements between a second subset of the plurality
of electrodes, the second set of measurements related to
capacitance between the second subset of the electrodes;
detecting at least a first threshold change in the first set of
measurements; detecting at least a second threshold change
in the second set of measurements; and in response to
detecting at least the first threshold change 1n the first set of
measurements and detecting at least the second threshold
change 1n the second set ol measurements, outputting a
signal indicating that an object 1s approaching the face of the
device.

Example 13 provides the method of example 12, further
including filtering the first set of measurements with a noise
reduction filter; and filtering the second set of measurements
with the noise reduction filter.

Example 14 provides the method of example 12, where
detecting at least a first threshold change in the first set of
measurements includes calculating a first-difference (FD)
estimator from the first set of measurements, the FD esti-
mator calculated by subtracting a measurement at a first time
from a measurement at a second time; comparing the FD
estimator to the first threshold; and in response to the FD
estimator being greater than the first threshold, detecting at
least the threshold change in the first set of measurements.

Example 15 provides the method of example 14, where
the FD estimator 1s a first FD estimator, and detecting at least
a second threshold change in the second set of measure-
ments includes calculating a second FD estimator from the
second set of measurements, the second FD estimator cal-
culated by subtracting a measurement in the second set of
measurements at the first time from a measurement 1n the
second set of measurements at the second time; comparing
the second FD estimator to the second threshold; and in
response to the second FD estimator being greater than the
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second threshold, detecting at least the second threshold
change 1n the second set of measurements.

Example 16 provides the method of example 15, where
the first time and the second time include a time period, and
the signal 1s output in response to both the first FD estimator
exceeding the first threshold and the second FD estimator
exceeding the second threshold during the time period.

Example 17 provides the method of example 12, further
including generating a smoothed detection metric based on
detecting the first threshold change in the first set of mea-
surements and the second threshold change in the second set
ol measurements over a period of time; and determining
whether to output the signal based on the smoothed detec-
tion metric.

Example 18 provides the method of example 17, where
the smoothed detection metric 1s generated using a first
Hidden Markov Model (HMM), the first HMM having a
state space including the first set of measurements and
detection of the first threshold change in the first set of
measurements, and a second HMM, the second HMM
having a state space including the second set of measure-
ments and detection of the second threshold change 1n the
second set ol measurements.

Example 19 provides a sensor system including a plurality
of electrodes arranged at diflerent positions along a face of
a device; a sensor coupled to the plurality of electrodes, the
sensor to obtain a first set of measurements related to a
mutual-mode capacitance between a first pair of the plurality
of electrodes, and a second set of measurements related to a
mutual-mode capacitance between a second pair of the
plurality of electrodes; and a proximity detector to detect at
least a threshold change 1n the first set of measurements;
detect at least the threshold change 1in the second set of
measurements; and output a detection signal 1n response to
detecting at least the threshold change in the first set of
measurements and detecting at least the threshold change in
the second set ol measurements.

Example 20 provides the system of example 19, where the
first set of measurements are related to capacitance on a left
side of the device, and the second set of measurements are
related to capacitance on a right side of the device.

Other Implementation Notes, Variations, and Applications

It 1s to be understood that not necessarily all objects or
advantages may be achieved in accordance with any par-
ticular embodiment described herein. Thus, for example,
those skilled 1n the art will recogmize that certain embodi-
ments may be configured to operate 1 a manner that
achieves or optimizes one advantage or group of advantages
as taught herein without necessarily achieving other objects
or advantages as may be taught or suggested herein.

In one example embodiment, any number of electrical
circuits of the figures may be implemented on a board of an
associated electronic device. The board can be a general
circuit board that can hold various components of the
internal electronic system of the electronic device and,
turther, provide connectors for other peripherals. More spe-
cifically, the board can provide the electrical connections by
which the other components of the system can communicate
clectrically. Any suitable processors (inclusive of digital
signal processors, microprocessors, supporting chipsets,
etc.), computer-readable non-transitory memory clements,
etc. can be suitably coupled to the board based on particular
configuration needs, processing demands, computer designs,
etc. Other components such as external storage, additional
sensors, controllers for audio/video display, and peripheral
devices may be attached to the board as plug-in cards, via
cables, or integrated into the board 1tself. In various embodi-




US 12,073,048 B2

29

ments, the functionalities described herein may be imple-
mented 1n emulation form as software or firmware running,
within one or more configurable (e.g., programmable) ele-
ments arranged 1n a structure that supports these functions.
The software or firmware providing the emulation may be
provided on non-transitory computer-readable storage
medium comprising instructions to allow a processor to
carry out those functionalities.

It 1s also imperative to note that all of the specifications,
dimensions, and relationships outlined herein (e.g., the num-
ber of processors, logic operations, etc.) have only been
offered for purposes of example and teaching only. Such
information may be varied considerably without departing
from the spirit of the present disclosure, or the scope of the
appended claims. The specifications apply only to one
non-limiting example and, accordingly, they should be con-
strued as such. In the foregoing description, example
embodiments have been described with reference to particu-
lar arrangements of components. Various modifications and
changes may be made to such embodiments without depart-
ing from the scope of the appended claims. The description
and drawings are, accordingly, to be regarded 1n an 1llus-
trative rather than 1n a restrictive sense.

Note that with the numerous examples provided herein,
interaction may be described in terms of two, three, four, or
more components. However, this has been done for purposes
of clarity and example only. It should be appreciated that the
system can be consolidated 1n any suitable manner. Along
similar design alternatives, any of the illustrated compo-
nents, modules, and elements of the FIGS. may be combined
in various possible configurations, all of which are clearly
within the broad scope of this Specification.

Note that i this Specification, references to various
teatures (e.g., elements, structures, modules, components,
steps, operations, characteristics, etc.) included 1n “one
embodiment”, “example embodiment”, “an embodiment”,
“another embodiment”, “some embodiments™”, ‘‘various
embodiments”, “other embodiments”, “alternative embodi-
ment”, and the like are intended to mean that any such
features are included in one or more embodiments of the
present disclosure, but may or may not necessarily be

combined 1n the same embodiments.

Numerous other changes, substitutions, variations, altera-
tions, and modifications may be ascertained to one skilled in
the art and 1t 1s intended that the present disclosure encom-
pass all such changes, substitutions, variations, alterations,
and modifications as {falling within the scope of the
appended claims. Note that all optional features of the
systems and methods described above may also be imple-
mented with respect to the methods or systems described

herein and specifics 1n the examples may be used anywhere
in one or more embodiments.

In order to assist the United States Patent and Trademark
Ofhice (USPTO) and, additionally, any readers of any patent
issued on this application 1n interpreting the claims
appended hereto, Applicant wishes to note that the Appli-
cant: (a) does not mtend any of the appended claims to
invoke paragraph (1) of 35 U.S.C. Section 112 as 1t exists on
the date of the filing hereof unless the words “means for” or
“step for” are specifically used 1n the particular claims; and
(b) does not intend, by any statement in the Specification, to
limit this disclosure 1 any way that 1s not otherwise
reflected 1n the appended claims.
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What 1s claimed 1s:
1. A proximity sensor system comprising:
a sensor couplable to a plurality of electrodes arranged
adjacent to a face of a device 1n a layout of discrete
spaced-apart areas, the sensor configured to:
obtain a first set of measurements between a first subset
of the plurality of electrodes, the first set of mea-
surements related to respective capacitances between
at least one pair of electrodes 1n the first subset of the
plurality of electrodes; and

obtain a second set ol measurements between a second
subset of the plurality of electrodes, the second set of
measurements related to respective capacitances
between at least one pair of electrodes in the second
subset of the plurality of electrodes; and
a proximity detector configured to:
detect at least a first threshold change in the first set of
measurements;

detect at least a second threshold change 1n the second
set ol measurements; and

in response to detecting at least the first threshold
change 1n the first set of measurements and detecting
at least the second threshold change 1n the second set
of measurements, determine that an object 1s
approaching the face of the device.

2. The system of claim 1, wherein the device comprises a
display screen having a first side facing an exterior of the
device and a second side facing an interior of the device, and
cach eclectrode of the plurality of electrodes i1s located
adjacent to the first side of the display screen.

3. The system of claim 1, wherein the first set of mea-
surements are related to capacitance on a first edge of the
device, and the second set of measurements are related to
capacitance on a second edge of the device.

4. The system of claim 1, wherein the plurality of elec-
trodes comprises at least four electrodes, and the sensor 1s
configured to obtain sets of measurements between four
pairs of electrodes selected from the at least four electrodes.

5. The system of claim 4, wherein two pairs of the four
pairs ol electrodes permit obtaining measurements related to
capacitance along a first edge of the device, and two other
pairs of the four pairs of electrodes permit obtaining mea-
surements related to capacitance along a second edge of the
device.

6. The system of claim 1, wherein the proximity detector
1s configured to:

receive the first set of measurements from the sensor;

filter the first set of measurements:

compute a set of differences of the filtered first set of
measurements; and

compare each of the set of differences to the first threshold
change.

7. The system of claim 1, wherein the proximity detector

1s Turther configured to:

perform a smoothing process on changes 1n the first set of
measurements and changes in the second set of mea-
surements; and

determine that an object 1s approaching the face of the
device based on a result of the smoothing process.

8. The system of claim 1, wherein the sensor comprises:

an 1mpedance bridge; and

a switching circuit configured to alternately couple the
first subset of the plurality of electrodes to the 1imped-
ance bridge and the second subset of the plurality of
clectrodes to the impedance bridge.

9. The system of claim 8, the impedance bridge compris-
ing a first impedance element, a second impedance element,
and a third impedance element, wherein the first impedance
clement 1s a variable impedance element.
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10. The system of claim 9, further comprising circuitry subtracting a measurement 1n the second set of mea-
configured to adjust an impedance of the first impedance surements at the first time from a measurement 1n the
clement to balance an oflset impedance on a subset of second set of measurements at the second time;

comparing the second FD estimator to the second thresh-
old change; and
in response to the second FD estimator being greater than
the second threshold change, detecting at least the
second threshold change 1n the second set of measure-
ments.
o 16. The method of claim 15, wherein the first time and the
second time comprise a time period, and the signal 1s output
in response to both the first FD estimator exceeding the first
threshold change and the second FD estimator exceeding the
second threshold change during the time period.
17. The method of claim 12, further comprising:
generating a smoothed detection metric based on detect-
ing the first threshold change 1n the first set of mea-
surements and the second threshold change in the
second set of measurements over a period of time; and
determining whether to output the signal based on the
smoothed detection metric.
18. The method of claim 17, wherein the smoothed
detection metric 1s generated using:

a first Hidden Markov Model (HMM), the first HMM
having a state space comprising the first set ol mea-

clectrodes coupled to the sensor.

11. The system of claim 8, further comprising: d

an mput terminal coupled to the impedance bridge to
apply a stimulus signal to the impedance bridge; and

an amplifier circuit coupled to a first output terminal and
a second output terminal of the impedance bridge, the
amplifier circuit configured to output the first set of
measurements and the second set of measurements
based on signals from the first output terminal and the
second output terminal.

12. A proximity detection method comprising:

obtaining a first set of measurements between a first 15
subset of a plurality of electrodes disposed adjacent to
a face of a device 1n a layout of discrete spaced-apart
areas, the first set of measurements related to respective
capacitances between at least one pair of electrodes 1n
the first subset of the plurality of electrodes; 20

obtaining a second set of measurements between a second
subset of the plurality of electrodes, the second set of
measurements related to respective capacitances
between at least one pair of electrodes 1n the second

subset of the plurality of electrodes; 25 . .
detecting at least a first threshold change 1n the first set of surements and detection of the first threshold change in
measurements: the first set of measurements, and

a second HMM, the second HMM having a state space
comprising the second set of measurements and detec-
tion of the second threshold change 1n the second set of
measurements.

19. A sensor system comprising:

a plurality of electrodes disposed adjacent to a face of a
device 1 a layout of discrete spaced-apart areas;

a sensor coupled to the plurality of electrodes, the sensor
configured to obtain:

a first set of measurements related to a mutual-mode
capacitance between a first pair of the plurality of
electrodes, and

a second set of measurements related to a mutual-mode
capacitance between a second pair of the plurality of
electrodes; and

a proximity detector configured to:
detect at least a threshold change in the first set of

measurements:;

detect at least the threshold change 1n the second set of
measurements; and

output a detection signal 1n response to detecting at
least the threshold change in the first set of measure-
ments and detecting at least the threshold change 1n
the second set of measurements.

20. The system of claim 19, wherein the first set of
measurements are related to capacitance on a first edge of
the device, and the second set of measurements are related
55 to capacitance on a second edge of the device.

detecting at least a second threshold change in the second

set of measurements; and

in response to detecting at least the first threshold change 3Y

in the first set of measurements and detecting at least
the second threshold change in the second set of
measurements, outputting a signal indicating that an
object 1s approaching the face of the device.

13. The method of claim 12, further comprising: 33

filtering the first set of measurements with a noise reduc-

tion filter; and

filtering the second set of measurements with the noise

reduction filter.

14. The method of claim 12, wherein detecting at least a 4V
first threshold change in the first set ol measurements
COmprises:

calculating a first-diflerence (FD) estimator from the first

set of measurements, the FD estimator calculated by
subtracting a measurement at a first time from a mea-
surement at a second time:

comparing the FD estimator to the first threshold change;

and

in response to the FD estimator being greater than the first

threshold change, detecting at least the first threshold >©
change 1n the first set of measurements.

15. The method of claim 14, wherein the FD estimator 1s
a first FD estimator, and detecting at least a second threshold
change 1n the second set of measurements comprises:

calculating a second FD estimator from the second set of

measurements, the second FD estimator calculated by I T
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